Abstract-In a motor or magnet coil, the conductor experiences stresses both longitudinally and transversely to its length. Longitudinal tension is the most familiar stress configuration because of the well-known Lorentz force or hoop stress. Tension perpendicular to the flat face of a tape, termed caxis tension, can result from Lorentz stresses in a potted pancake coil structure. While much is known about the response of multifilamentary BSCCO tapes to longitudinal tension, relatively little work has been done on the response to transverse stress. We report here measurements of the strength under c-axis tension at room temperature and 77K of multifilamentary BSCCO-2223 tape, and a 3-ply reinforced tape.
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I. INTRODUCTION C SYNCHRONOUS motors [l] for Navy ship propulsion would be perhaps the most severe mechanical environment of all applications envisioned for high-temperature superconductors. A 25 to 30 year reliable operational life is expected of a ship motor, so that in addition to static strength, fatigue tolerance is needed. Variable stresses arise from various causes. Thermal expansivity mismatches during warming and cooling pose high stress, but should occur only a small number of times during the operational life. On the other hand, variations in magnetic hoop stress or Lorentz force arise from any large changes in the current, and may occur frequently in operation, for example motor speed changes or reversals, fluctuations and harmonics in the current sources. In addition, purely mechanical stresses can occur due to centrifhgal forces or vibrations and shocks transmitted to the rotor via the shafts and bearings.
Tensile strain effects along the length of multifilamentary high temperature superconducting tapes are well known. Low-cycle fatigue under longitudinal tensile strain has been characterized previously.
[2], [3] We recently have reported high-cycle fatigue stress-life results on a BSCCO-2223 multifilamentary tape to ten million cycles [4] .
Significant stresses on tapes in motor coils, however, can exist in several configurations and other than longitudinal tension. The terminology used to describe the tape is illustrated in Fig. 1 . The longitudinal direction of the tape, which is the rolling direction during manufacture, is denoted ab-r. The direction in the plane of the tape perpendicular to that is ab-t. The c-axis is the direction orthogonal to the plane of the tape.
/ ab-t > ab-r In a racetrack type pancake coil for a motor application, tension along the c-axis, perpendicular to the plane of the tape, is a significant design concern [5] . The purpose of the work described in this report is the c-axis strength and fatigue characteristics of BSCCO-2223 multifilamentary tapes.
EXPERIMENTAL

A. Specimens
The specimens were multifilamentary B SCCO-2223 production tapes provided by American Superconductor Corporation. The tapes were provided on spools and cut to 5 cm lengths as needed. The narrow insert tape is 3.1 mm wide, 0.17 mm thick and has a 77 K, self field, lpV/cm critical current of 75 to 80 A. The wide insert tape is 4.1 mm by 0.2 mm with critical current of 115 to 120 A. The 3-ply reinforced tape [6] consists of the wide insert tape with stainless steel foil strips bonded to both sides with solder. The critical current of the 3-ply tape is the same as the wide insert tape.
B. C-Axis Tensile Testing Apparatus
Mechanical tests were performed on a standard Materials Test Systems (MTS) servohydraulic testing system. A dewar was constructed so that the specimens could be tested while immersed in liquid nitrogen. To apply the c-axis tensile load to the tapes, the test fixture shown in Fig. 2 was constructed. Brass tabs were soldered to both sides of the tape segments with Ostalloy 162 indium-bismuth solder using a temperature controlled soldering iron at 100 OC. The tabs were pinned to the load train of the test system. The ends of the tapes were wrapped with indium foil and clamped in copper blocks to establish the high current contacts. Voltage sensing contacts were soldered to the tapes with Ostalloy 162 solder. Critical currents were all measured at 77 K, in self-field, using the 1 pV/cm criteria. For the cyclic fatigue tests, sine wave load control was applied at frequencies up to 40 Hz.
The cycling was interrupted periodically and the critical current measurements performed with the tape under mean load.
Since the c-axis specimen dimensions are very small, the strain in this direction was not measured. However, the displacement of the hydraulic actuator is monitored with a precision of about 0.001 mm, and the stiffness of the load train is known. Any nonlinear yielding in excess of a few percent of the tape thickness would be noticeable and indicative of a mechanical failure of the tape.
Because of the uniqueness of this custom apparatus, a large number of reference and control tests were performed to ensure that systematic errors either in the apparatus or specimen preparation were not influencing results. In particular, the strength of the Ostalloy 162 solder only and of the solder bond between the brass tabs and foils of tape sheath material was well characterized. These tests ensured that failure of this bond occurred at much higher stress than the observed tape failure stresses, so was not a factor in the tape failures. Other tests were performed to determine the effect of excessive or insufficient amounts of solder used to attach the tabs. The effects of misalignments of the tapes in the testfixture, and rigidity and adjustment of the test fixture, also were checked.
C-AXIS ULTIMATE TENSILE STRENGTHS
A. Room Temperature Strength
At room temperature, c-axis tension at high enough stress causes the insert tape to rupture, as shown in Fig. 3 . The internal matrix web is torn apart, but the outer sheath remains intact. The stress at which this rupture occurs is termed the caxis tensile rupture stress. No yield behavior more than a few percent of the tape thickness could be detected prior to this rupture; the rupture occurs suddenly and catastrophically. The 3-ply tape also failed by rupture, but the distortions were considerably smaller than with the bare insert tape. Fig. 3 . Cross-section of wide insert tape that has been ruptured due to c-axis tension at room temperature. The c-axis is the vertical in this cross section.
We measured 78 specimens of narrow tape and 33 each of wide insert tape and 3-ply tape to estimate the statistical properties of the room temperature rupture stress distributions. The results are shown in Fig. 4 . Average c-axis rupture stresses were 5.7, 5.8 and 10.7 MPa for the narrow, wide and 3-ply tapes, respectively. More significant for applications, the lowest strengths measured were 3.3, 2.7 and 6.3 for narrow, wide and 3-ply tapes, respectively. The narrow and wide tapes are about the same, and the 3-ply tape is about double the strength the bare tape. Therefore not only does the reinforcement increase the longitudinal strength, but also stiffens the tape against c-axis distortions.
The most interesting feature of the strength distributions of Fig. 4 is that they are all bimodal. This may suggest two modes by which the c-axis mechanical failure can occur. We have thus far seen only rupture, such as depicted in Fig. 3 , so it may be that the bimodal distribution represents competing failure initiation mechanisms for a single type of failure. There is some evidence recently reported [7] of preexisting voids in tapes of similar construction as the ones used in this work. If such voids exist, then they can account for a distribution of failure stresses such as we have found. If they are localized spatially, they would be difficult to find after the rupture has occurred.
The sequence of specimens taken from the spools of tape was recorded, therefore the locations along the tape were known. There was no correlation found between rupture stress and position on the spool. The distribution of low rupture stress locations is random on a 5 cm length scale.
B. 77 K Strengths and Critical Current Degrahtion
At 77K, the wide tape c-axis mechanical failure occurs by the same rupture mechanism as at room temperature. The average rupture stress is about 67 percent higher at 77K than at room temperature. This increase of strength between room temperature and 77K is comparable to strengthening that occurs in the longitudinal direction [4] , and is consistent with the increase in the intrinsic strength of the materials in the tape. Sufficient data have not yet been obtained to determine if the strength distribution remains bimodal at 77K. As at room temperature, no yield prior to catastrophic failure could be detected. The 3-ply tape at 77K however is damaged by a different mechanism than at room temperature, and at a much higher stress than expected. At 77K, the stainless steel foil reinforcements separate from the insert tape under c-axis tension. Separations occur both within the solder layer between the foil and the insert tape, and at the interface between solder and the foil strips. We observed no instances in which solder separated from the insert tape. Fig. 6 shows some examples of how the critical current depends on stress for the wide insert and 3-ply tapes. For the insert tape, in no instance was degradation of the critical current observed prior to mechanical failure. The insert tape failures were all sudden and catastrophic. For the 3-ply tape, however, changes in the critical current at stresses greater than about 25 MPa were observed in all specimens. However, the degradation of critical current with increasing stress was not the same for all specimens. In particular, slower critical current degradation was not always correspondent with higher ultimate stress, as shown for the two 3-ply examples in Fig. 6 . 
IV. C-AXIS FATIGUE
A. Insert Tape
Approximately twenty cyclic fatigue tests on narrow and wide insert tape were done at room temperature and ten tests at 77K. No fatigue-life behavior was found for these bare insert tapes. In all cases, if the tape did not mechanically fail on the first load cycle, it survived an arbitrary number of cycles, at least up to 100,000 which was the maximum cycle count tested. In addition, no fatigue degradation of critical current was observed in any case at 77K. Either the tape ruptured catastrophically on the first cycle, or no changes occurred with cycling up to 100,000. The behavior is determined solely by the c-axis tensile rupture stress.
B. 3-Ply Tape
As with static stress failures, mechanical damage of 3-ply tape under fatigue cycling took the form of delamination of the reinforcing foil. Unlike the bare insert tapes, definite critical current degradation with cyclic stress was observed, as shown in Fig. 7 for several representative specimens. The critical current degradation is rapid with higher stress, but no degradation occurs for stress below a certain threshold value, around 25 m a . This characteristic fatigue-life behavior exists for both critical current degradation and the mechanical failure by delamination of the reinforcing foil [8].
V. CONCLUSIONS
Nonreinforced BSCCO multifilamentary powder-in-tube tapes under sufficiently high tension perpendicular to the plane of the tape can fail by rupture of the internal structure. This can occur at tensile stress as low as 2 to 3 MPa at room temperature or 6 to 7 MPa at 77K. This occurs at both room temperature and 77K. This mechanical failure is sudden and catastrophic, and is not preceded by degradation of the critical current at 77K. The statistical distributions of room temperature rupture stresses are bimodal. This suggests either random occurrences of weak tape segments, or competing rupture initiation mechanisms.
Laminated reinforced 3-ply tape fails mechanically under caxis tension at 77K by separation of the reinforcing foil from the insert tape. This damage occurs under both static and fatigue loading. Degradation of the critical current with increasing stress also occurs, but does not necessarily correlate with the mechanical failure. In view of the results, degradation of critical current should not be considered a reliable precursor to mechanical failure for multifilamentary tapes under c-axis tension, contrary to the behavior under longitudinal tension. To ensure reliability under c-axis tension, therefore, the statistical distribution of mechanical failures must be determined and a lower bound on rupture stress established to be used as the principal figure of merit for engineering design.
